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Abstract 
A different ways of waste heat recovery and conversion to electricity using a thermoelectric generator (TEG) assisted 
by heat pipes is introduced in this paper. The system consists of the TEG sandwiched between two heat pipes, one 
connected to the hot side of the TEG and the second one connected to the cold side of TEG. Experiments were 
conducted for a proof of concept of such system, and the experimental result was used to validate the theoretical 
model developed. It was found that both the experimental and the theoretical results share the same graphical trend in 
term of the rate of heat transfer and the effectiveness of heat exchanger. Further investigation in the theoretical model 
can narrow down the error.   
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1. Introduction 
During the past few decades, the world population is growing fast along with the progress of new 
technology for assisting our life quality in a more convenient way. In exchange, the rate of energy 
consumption also rises significantly, which affects the global natural environment. For example, the 
emission of carbon monoxide gases from industries waste and transport combustion has destroyed both 
living thing and ozone layer. In 2013, it was reported that the amount of toxic gas released has increased 
by 16.67% per capita in the past 20 years [1]. A green and sustainable approach is needed to reduce the 
greenhouse gas emission. One of the solutions to deal with the industrial waste heat is by utilizing of the 
heat recovery system such as a heat pipe heat exchanger (HPHE). The HPHE is listed as one of the most 
efficient solutions due to its high thermal conductivity, small size, low weight and low cost [2].  The 
HPHE has been used in a wide range of applications such as  air-conditioning, automotive or even in 
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surgery rooms [2-7]. The motivation that drives this technology is not only because of the rising of energy 
demand, but also to cut costs and to increase the energy efficiency.  
 
Nomenclature 
Q  Heat transfer rate [W] 
UA  Overall heat-transfer coefficient [W/°C] 
Rtotal   Total Thermal Resistance [°C/W]    
qactual                             Actual heat transfer rate [W] 
qmax                     Maximum heat transfer rate [W] 
NTU                     Number of transfer unit 
R               Thermal resistance [ ̊ C/W] 
TEG                    Thermoelectric generator 
T                         Temperature [ ̊  K] 
m   Mass flow rate [Kg/s] 
c                       Heat capacity [J/ ̊  K] 
 
Greek symbols 
ε  Heat exchanger effectiveness 
 
* Corresponding author. Tel.: +61-4262-9198-1 
E-mail address: fairuzremeli@gmail.com. 
2. Description of the proposed system 
This study proposed a new concept of a combined waste heat recovery and power generation using a 
thermo-electric generator (TEG) assisted by heat pipes. This system is called a Combined Heat Pipe 
Thermoelectric Generator (CHP-TEG). A laboratory scale heat exchanger was built based on the CHP-
TEG concept in order to evaluate the waste heat recovery and the electricity conversion performances. As 
shown in Fig. 1, the bench incorporates a TEG sandwiched between two heat pipes which they act like an 
evaporator (heat pipe 1) and a condenser (heat pipe 2). The TEG surfaces will be heated and cooled by 
heat pipe 1 and heat pipe 2, respectively. These processes will create a temperature gradient across the 
TEG for generating an electrical current based on “Seebeck effect”.  This co-generation system can be 
considered as an efficient technology in the future because it can work totally in a passive mode with no 
moving parts and maintenance free. The objective of this study is to validate the theoretical model 
developed with an experimental data. However, this paper will focus only on the heat transfer 
characteristics of CHP-TEG including the amount of heat transfer rate and the effectiveness. The power 
output from the system will be discussed in an extended paper in the future. 
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Fig.1. A schematic of the combined heat pipe-thermoelectric generator (CHP-TEG) heat exchanger in a counter flow 
arrangement and the thermal resistances of the CHP-TEG module. 
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Fig. 2. (a)  Installation of a module of the combined heat pipe-thermoelectric generator (CHP-TEG); (b) A set of 
CHP-TEG module 
3. Experimental method                                      
Fig. 2 (a) shows a set of heat transfer module of CHP-TEG consisting of 4 pieces of the heat pipes and 
the copper block. The heat pipe has 8 mm diameter and 300 mm length. The internal part of the copper 
heat-pipe was partially filled with water and 600 copper wires. Sixty two pieces of 50 mm x 153 mm 
rectangular aluminium fins mechanically bonded to the heat pipes. Six pieces of thermo-electric generator 
(TEGs) (40mm x 40mm) are used for one module of CHP-TEG. The TEGs are electrically connected in 
series.A silicone thermal paste is used to enhance the thermal contact resistance between the TEG and the 
copper blocks. Fig.2 (b) shows a complete the CHP-TEG module which the TEGs are sandwiched 
between two copper blocks that connected to the finned heat-pipe module. 
4. Theoretical Model 
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A theoretical model of the CHP-TEG heat exchanger was developed using the effectiveness-NTU 
method. This NTU method is used to predict the air outlet temperatures of the duct where the air inlet 
temperatures are known. The heat transfer rate through the heat exchanger can be determined using the 
overall heat-transfer coefficient, UA  
Q=UAΔTmean           (1) 
 
where UA can also be defined as follows: 
 
1/UA=Rtotal=Rhot air+ΣRheat pipes+ΣRcopper+RTEG+Rcold air       (2) 
The Rtotal can be determined by adding all the thermal resistances that involve for transferring heat from 
the heat source to the sink as shown in Fig. 1. In order to find the outlet temperature, the term NTU is 
represented by: 
NTU=UA/(mcmin)          (3) 
For a counter flow heat exchanger, the effectiveness can be determined as follows: 
Effectiveness=ε=qactual/qmax=1-e-NTU        (4) 
The actual heat transfer is the energy lost by the hot air or the energy gained by the cold air and can be 
computed using the following equation: 
qactual=(mc)hot(Th,i-Th,o)=(mc)cold(Tc,i-Tc,o)        (5) 
The maximum heat transfer can be obtained from the maximum temperature gradient of the system. 
qmax=(mc)min(Th,i-Tc,i)          (6)
   
5. Experimental Setup 
Fig. 3 illustrates an experimental set-up to simulate the CHP-TEG heat exchanger in a counter-flow 
arrangement. This system consists of two separate air ducts (hot and cold ducts), which both have a 
similar size of 170mm (width) X 160mm (height). An electrical fan is installed at each of duct entrances 
to surge air into the heat exchanger. Eight rows of the CHP -TEG module are installed in parallel between 
these two air ducts. For the CHP-TEG module installation, the evaporator section of the heat pipe 1 is 
inserted in the hot air duct (Refer to Fig.1). Meanwhile, the condenser section of the heat pipe 2 is 
inserted into the cold air duct. A 2kW electrical heater is installed in the hot duct to represent a low-grade 
waste heat. The air ducts and the CHP-TEG are insulated with an Amaflex sheet and thermal wool 
(Tontine) to reduce the heat loss through the duct wall during the experiment. 
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A T-type thermocouple is placed in several locations at the inlet and the outlet of air ducts to measure 
the air temperatures. The thermocouple is connected to a data logger (Agilent 34970A) for data recording. 
This data logger is also connected to the +ve and –ve terminals of the TEG for measuring their voltage 
and current outputs.  To start the experiment, the air blower at both duct inlets are switched on to move 
air into the duct.  The air velocity in the cold duct was varied between 0.6 m/s to 1.2 m/s and the air 
velocity in the hot duct was fixed at 0.6 m/s. The inlet air temperature for both ducts were maintained at 
the ambient temperature of 20°C. Once the air flow is stable, the 2kW electrical heater is switched on to 
heat the flowing air in the hot duct. The BenchLink data logger software on a connected computer is used 
to monitor all the data readings in every 10 seconds.  After all the data reaching steady state, a DC 
electronic load is applied to the TEGs as an external electrical resistance for measuring the maximum 
electrical power output. The external electrical resistance can be varied from 1000 Ω to 50 Ω.  
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Fig. 3. The experimental setup of CHP-TEG 
6. Results and discussion 
Fig. 4. (a) presents the prediction and experimental data of heat transfer rate across the CHP-TEG with 
an increasing of the air face velocity. As mentioned previously, the air velocity in the hot duct was 
maintained at an optimum velocity for allowing the maximum heat transfer. The hot temperature, which 
represents the waste heat was recorded constant at 108.5oC. From the graph, it can be seen that the 
increase of air face velocity in the cold duct will allow more heat recovery. The heat transfer rate of the 
theoretical model has shown a slight under-prediction compared to the experimental data. However, both 
of the experimental and the prediction results have an identical pattern on graph.  The overall 
performance of heat exchanger is usually defined in term of the effectiveness. Fig. 4. (b) illustrates the 
prediction and the experimental effectiveness of the CHP-TEG heat exchanger. The effectiveness has 
increased with the rise of air face velocity in the cold duct. 
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Fig. 4. (a) The rate of heat transfer through the CHP-TEG; (b) The effectiveness of the CHP-TEG 
                                                                                                                               
From all of the graphical results, it can be concluded that the prediction and the experimental result share 
the same trend. In order to minimize the errors gap between the theoretical and the experimental results, 
more study of the theoretical model is needed. These require more details fluid dynamic analysis, such as 
adding boundary condition near the duct wall and flow alignment, which could lead to better accuracy 
since this a problem involve flow in a duct. The more precise Nusselt correlation is one of the key 
elements to be determined that directly relate to a forced convection problem in the duct. 
7. Conclusion and recommendation 
A new concept of a passive heat transfer system called combined heat pipe thermo-electric generator 
(CHP-TEG) has been introduced in this study of recovering the free energy from the industrial waste heat. 
A thermoelectric generator (TEG) is incorporated into this system for generating electricity that works 
using the “Seebeck effect”. A theoretical model was developed to predict the rate of heat transfer and the 
effectiveness of the heat exchanger system. An experimental investigation using a laboratory scale of 
such system was conducted, and the results from this experiment were used to validate the theoretical 
model.  It was found that the theoretical prediction and experiment results match in the sense that both 
results shared the same trend. The experimental results show that the effectiveness of the heat exchanger 
increased from 67.9% to 72.4% with an increase of air face velocity. This co-generation system is 
considered as a green and cheap technology because it uses wasted energy and involves no moving parts.  
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